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CHAPTER I 
INTRODUCTION 
A. An Applicat ion of Computers 
Tra diti onally, en gineers apply both mathe matical analysis and 
e xperiment ation t o  the soluti on of engineering problems . Physical 
s yste ms are frequentl y  e xpres se d  in terms of mathe matical models for 
which the solution may be obtained . In general the problem ean be 
describe d by a set of differenti al equations , the s oluti on of which 
gi ve s the dynamic respon se of the s yste m. Without t he us e of a· co m­
put er , s ol ving the s e  e quations may be te dious and e xhausti ve. A 
di gital c omputer acc omplishe s t his tas k with great accur acy; theoreti­
cally the acc urac y of a di gital computer s olution is unlimite d. But 
an analo g co mputer ,  alth ough less accurate , can be used to h andle the 
t.ask far more rapidl y and eas il y. Many engineering problems d o  not 
require accurac y be yond three si gnificant fi gures, and therefore do 
not require the e mplo yment of a di gital co mputer . Even in the cas es 
where hi gh acc uracy is  re quired ,  it is o �en desirable t o  obtain an 
an alo g s olution before see king the final soluti on on a di gital 
computer .  The chief advantage of  analog c omputation is  that the 
operator can gain insi ght int o the problem. A nal og c omputer r esults 
are normally p resente d graphically. The c oefficients in the problems 
c an be varie d  b y  c orrespo nding parameter changes an d. the block of 
c omputing elements can be vis uali zed as a mathe matical operati on .  
C onsi dering the cost , an analo g  computer is less e xpensive , but with 
1 
a specifie d c omponent accurac y of better th an 0 .1  percent , it s c ost 
ri se s sharply for even small acc uracy improvement . Figure 1 shows a 
quantitat ive c omparison of the c ost bet ween an analog and a digital 
c ompute r. 
2 
Besi de s the acc uracy, ot her di sadvantage s  of the analog c omputer 
are it s inabilit y t o  st ore the result s and t o  make l ogica l  deci sions. 
Hybri d  computer s have been devel ope d  to reali ze the a dvantage s of both 
t ypes of c ompute rs and p rove d t o  be the most c on venient f or enginee ring 
de sign applicat ions. 
B. Analog C omputer 
Analog c omputer s use d  t oday may be divide d int o two broad  
cate gorie s, general purpose and special purpose . The general purpose 
c omputer s can be further subdi vide d into two classe s: the di rect or 
physica l anal og c om p  t..er and the indirect or mathe matical analog com­
puter. 3 Since the mat he matical analog computer simulate s the system 
behavi or, it may be refe rre d t o  a s  an an al og simulat or. but more 
c omm.only  as  an analog c ompute r. He re any re ference t o  analog c omputer 
will mean in part icular t he e lectron ic mathe matical analog computer. 
The elect ronic analog c ompute r c onsi st s  of basic element s which 
perform specific mathe mat ical operat ions. 
1. Summat ion and subtracti on of two or more variable s. 
2 .  Multi pl icat ion and divi si on of a variab le by  a c onst ant .  
3� Inte grati on and diffe rent iat ion of a variable with re spect 
t o  time . 
.,., 
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4. Multiplicati on and divisi on of a variable by  a variable . 
5 . Generati on of a functi on of a variable or va riables .  
A ve ry wide range of proble ms can be s olved b y  applicati on of 
these c omputing elements .  
The first three ope rati ons c an  be pe rformed by  the use of a h igh 
gain d e  operati onal amplifier with suitable feedbac k elements . This 
is discussed in vari ous b ooks of analog c omputati on ,  such as 
Refe rences 2 and 6 . Many meth ods have been e mployed t o  d o  multipli ­
cati on and divisi on of t wo  variables ,  discussed in References  2 ,  
6 and 13· Many functi ons can be ge nerate d in the anal og c ompute r as 
s oluti ons of a diffe rential equati on ,  s ome gene rated by me ans of 
n onlinear ele ments , while s ome need special circuit ry. Functi on 
generating is discussed in detail in Refe rences 2 and J .  
C .  Educati onal Analog·compute r 
Without se vere red ucti on in the usage ,  the c ost of an analog 
c omputer c an  be dramatically reduced by  eli minating e xpensi ve units 
such as functi on generat ors and usin g lowe r  qualit y c omponent s. For 
ed ucati onal purposes whe re ec onomic c onsiderati ons are an import ant 
fact or ,  many of the proble ms nee d n ot be c omplicated and accurac y is 
not critical . An educati onal analog c ompute r may c onsist of a few d e  
operati onal amplifiers , d e  s ources , c oefficient p otenti omete rs , a 
panel meter and s ome c omputin g ele ments . This t ype  of analog c ompute r 
should be capable of s ol ving ordinary line ar and nonlinear 
differential e quations with reas onable accurac y. 
4 
D. Purpose of the Study 
The Heathkit Model EC-1 Educational Analog Computer, priced at 
$199.95, is the least expensive general· purpose analog computer on the 
market. This computer contains nine unstabilized, vacuum tube de 
amplifiers with de open loop voltage gain of about 1000. The low 
amplifier gain and amplifier drift limit the accuracy of the solution. 
Results obtained are sometimes confusing. 
Many integrated circuit operational amplifiers available on the 
market seem to give much better performance, priced from a few dollars 
in monolithic form up to hundreds of dollars in hybrid form. The low 
cost operational amplifiers, designed for various applications, are 
usually not intended for use in an analog computer. 
5 
The purpose of this study is to select and evaluate low cost 
integrated circuit operational amplifiers which are capable of anal.og 
computer application. -If such operational amplifiers, which meet 
desired specifications, can be found they are to be incorporated into 
the analog computer to replace the vacuum tube operational amplifiers. 
It is expected that these modifications will result in more accurate 
and more reliable operation with fewer maintenance problems. Another 
advantage of this modification is its low operating voltage, ± 10 volts, 
thus enabling the use of lower voltage devices and interconnection 
to other forms of integrated circuits. In the fast growing field of 
integrated circuits, digital logic circuits and some function 
generators are available at reasonable prices. This renders further 
improvements and hybridization of the analog computer more attractive. 
6 
CHAPI'ER II 
OPERATIONAL AMPLIFIER 
A. Ideal Operational Amplifier 
The operational amplifier was originally conceived to perform 
linear mathematical operations in analog computation. Ideally , its 
voltage transfer ratio is solely dependent upon the input and feedback 
elements, ZI and ZF. To implement the ideal operational amplifier the 
following requirements must be met. 
1 . High open-loop voltage gain. 
2 .  High input impedance . 
3. Low out put impedance . 
4. 180 Degree phase shift between input and output voltage . 
5. Low de voltage and current offset . 
6 . Low offset voltage and offset current drift. 
?. Low noise . 
8 .  Stable when operating at the desired closed-loop gain . 
9. Wide bandwidth .  
10. High slew rate . 
11 .  Linearity over the desired operating voltage range . 
B. fLA?41 Operational Amplifier 
The J-LA?41 is a monolithic operational amplifier :manufactured by 
Fairchild Semiconductor. It is intended for a wide range of applica­
tions to replace the popular J.LA 709 which is now obsolete . It is 
designed for high performance and ease of operation . The fLA741 
amplifier is frequency-compensated and short circuit-protected and , 
7 
in addition , it has a provision for nulling . It is essentially a two­
stage amplifier comprised of a high gain differential amplifier input 
stage followed by a high gain driver stage with a class AB output . 19 
The circuit diagram and electrical characteristic s for the f.LA741 are 
shown in Appendix A. These data , supplied by the manufacturer ,  were 
used to compare its characteristics with those of the ideal operational. 
amplifier described in the previous-section. 
Several other monolithic operational amplifiers were considered , 
including the fLA709 , CAJOJJ and j.LA725, as well as a combination of 
the fl. A 72 7 and J.LA 741. 
The f.LA709 and CA303J amplifiers are also suitable for use as a 
. de amplifier in an analog computer. However, both need an external RC 
network for frequency compensation and their respective performances 
are not as good as the f.LA741 . 
The JLA725 has very good characteristic s ,  including high open-loop 
voltage gain , low noise , low offset and low drif't . However , when oper­
ating as a unity gain inverter , its slew rate, 0.001 volt per micro­
second , is very poor. Slew rate as measured for an EAIJ80 amplifier , 
connected as a unity gain inverter , is about ·o.1 volt per microsecond . 
The f.LA727 is a temperature-controlled preamplifier with a gain of 
100 .  Since all components of the circuit are kept at a constant tempera­
ture it has a very low drif't. When used as the input stage of a f.LA741 , 
the drift due to the fLA741 is suppressed by a fact.tor of 100 ,  the gain 
of the preamplifier. Thus, the dri:f't of the combination, due largely 
to the J.lA727, is very low . This combination has low input offset 
current (2.5 nA), high open loop voltage gain (2x107) and very low 
drift (5 µv /week). Its performance is comparable to a high perfor­
mance discrete component operational. amplifier with chopper stabili-
zation. The frequency compensation network connected to the f.LA727 
must be selected to obtain stability at the desired closed-loop gain. 
As tested, the combination can be used when z1 is limited at 100 kf2 
and the closed-loop gain is between 1 and 10. By choosing a proper 
compensation network, these constraints may be relaxed. This com- · 
bination was not used in this computer because of its cost, about $23 
compared to $5.93 for the Jl-A741. The combination of f.LA727 and 
flA741 amplifiers would be desirable for a high performance analog 
computer with high accuracy computing elements. 
C. Load Impedance, Input Impedance , Out put Impedance and Open-Loop 
Voltage Gain 
The equivalent circuit of the operational. amplifier with an 
inverting feedback configuration is shown in Figure 2. The load 
8 
resistance is assumed to be large enough so its·effect on the transfer 
characteristic is negligible. An analysis of .the circuit follows. 
where 
v e 
v .  
= in 
ZI + 
(2-0 
(2-2) 
and 
( 2-3 ) 
Substitute Ve and Vi into Equation (2- 1) and solve for V01 
Voi = (2 -4) 
V out expressed in terms of V oi and Vin , assuming RL approaches oo is 
Substitute V0i into Equation (2-5) 
vout = z i (Zi+RR) -Ao(UJ)Z1ZF 
Vin ( ZF+zoi ) ( Z1+RR)+Zr( ZF+Zo1+2i+RR)+Ao(C..U )2iZr 
Assuming z1 >> Zr/ I ( ZF+Z0i ) 
and z01<< ZF 
-· 
Vin 
= ZF+Zr+Ao (UJ) Zr 
Details are given in Reference 8. 
(2-6) 
(2-?) 
(2- 8) 
9 
Zr 
Vin 
Ve 
+ vi 
.---+---' 
RR 
ZF 
\J � J 
lout 
V --:;. , - out 
RL 
Figure 2 .  Operational amplifier with inverting feedback configuration.? 
..... 
0 
11 
In de ri ving thi s p rinc ipal equatio n we have made fo ur ass umptio ns 
as follo ws . 
1. R 1� «> 
Loads which may be co nnected to the output of the operatio nal 
amplifie r  i nclude a coefficie nt potentio mete r ,  the input of the ne xt 
o peratio nal amplifie r  and the output mete r .  Co nside r the worst case 
when all possible loads are connected and e ach resistance has its 
minimum possible va .lue . The connection is shown in Figure J. Total 
load resistance is  about 4 kn. 
V = output voltage without load . out 
V�ut = output voltage with lo ad co nnected . 
The re lation is gi ve n  in Refe re nce 7. 
v * = v � out out z +R of L 
� = total lo ad resistance 
Z0£ = output impedance of the closed-loop amplifier 
the percent e r ro r  of the output voltage 
e = 
* 
v - v t out ou x 100% 
vout 
(2-9) 
(2-10) 
(2-11) 
ti' 
Vin 
100 k.Cl 
100 krl 
10 kn< .._ 
-:- -::-
10 krl To input of the 
\r----- n e x t stage 
* 
j vout 
operational 
amplifier 
t ) 50-0-50 microammeter 
Total R1 = 10 kD. //10 k.O. // 20 kQ 
= 4 k.Q 
Figure ) . Maximum possible load of an operational amplifier. 
........ 
N 
13 
= 
2of x 100 "' e 
2of+R1 
(2-1 2 ) 
e C: 2oi x 1 00% 
Z0i + [ 1 t �! A0 ( w)] l\ (2 -1 3) 
For the J-LA741 operational amplifier using A0(UJ) and Z0i as give n 
in the specificatio n, Appendix A ,  
Ao (UJ) = 1 . 5 x 10
5 
zoi = 75.Q 
z1 = ZF = 100 k .0. 
R1 =4k.Q 
75 e ,  percent error = x1 00 � o 
75 + [ 1+1 . 5x105 x4x1o3] 
So the ass umption that R1�cois proved to be valid . The spec ification 
that R 1 � 2 k.O ensure that the transfer function will not be affected 
by the load resistance , 4 kf2.. 
2 . Zj_>> z1// ( Zy+-Z0i ) 
Zi = 2 MSl 
ZF = z1 = 1 00  k Q 
zoi = ?5fl 
Zr/ / (ZF+Zoi ) = 50 k.0.<< 2 Mf2 
3. zoi << ZF 
Zoi � ?5D. 
ZF = 100 kQ 
269665 
SOUTH DAKOTA STATE UNJVERSITY l1 RJ._qy 
4. 
requiring t hat A (W)Z1>>Z +z • o F I 
For the example note that 
5 
A0(W)Z1 = 1 . 5x10 x100 K.Q>> 200 kf2. 
D. Offset , Drift and Noi se 
14 
For a transistori zed o perational amplifier the input connections 
of the first stage differenti al amplifier are made direct ly to the 
transistor b ases , or the gates  and grids in case of FET and tube 
amplifier. Thus , it is unavoidable to have small do bi as currents .  
The average of the two d o  input currents is termed the input bias 
c urrent . The difference in the currents into the two inputs with 
output voltage eq ual t o  �ero is termed the input offset current . The 
vo ltage which must be applied between the input terminals to obtain 
zero output vo ltage is  termed the input offset voltage .  
The tot al offset at the input terminals i s  equal t o  the sum of 
the input offset vo ltage and the vo ltage drop across the input 
i mpedance due to the input offset current . Although this offset is  
rather small, its effect may be significant when the o per ational ampli­
fier is used as an inte grator . 1 7 In mono lithic o perational amplifiers 
the offset i s  often compensated by inducing a s mall difference in the 
co llector current of the two channe ls of the first stage differential 
amplifier . 
A fixed input offset i s  usually not a problem since it can be 
compensated , but both input offset vo ltage and input offset current 
are not constant . Drift i s  usually specifie d as t he coefficient of 
input offset change .  Drift ,  itse lf,  may be consi dere d as a c ombina­
tion of thermal noise an d excess noise ( 1 /f noise ) . 9 Three ma.in 
factors that affect drift are temperature , time and· po wer supply 
voltage .  Drift in a de amplifier i s  a serious problem since the 
15 
offset cannot be distinguishe d from a chan ge in si gnal. Due to dri �. 
the o perational amplifiers use d in analo g  co mputers nee d to be 
balance d  after some perio d  of o peration.  
Figure 4 is  the e quivalent circuit of operational amplifier for 
studying t he  effect of bias current an d offset . 
Total offset vo ltage at the input = VE 
Maximum total offset vo ltage at the input = VEM 
( 2 -14) 
Set � equal  to R1/lRF to cance l the effect of bias current . So 
VE = V05tI0s RR ( 2 -15 ) 
VEM = Vos+IosRR ( 2 -1 6) 
For f.LA741 operational amplifier , from Appendix A 
V05 = 1 mV t ypical  
I05 = 20 nA typical 
RR = 50 krl 
Expecte d value of the maxi mum total offset at the input of f-L A 741 
operational amplifier is 
VEM = 10
-3+5ox10 3x2ox10 -9 v 
VEM = 2 mV 
t 
VE 
+ 
RR 
RF 
• Vout v:::::�;.�--J•���-
-Ao VE 
Figure 4. Equivalent ci rcuit for studying effect of bias current � 
offset c urrent and offset voltage .? 
...... 
°' 
For t he f.LA 741 there was no available data about time drift , so 
a measurement was ma.de as shown by the sc he ma.tic in Fi gure 5 to 
investigat e t his effect . 
A 50- 0-50 microammeter in series wit h 490 .(2 resistance was used 
to de tect the null error. The offset was amplified 8.3/0 . 101  times .  
Aft er t he null adjus tment was made , the offs et was so s mall that t he 
1? 
time integral of t he offse t was meas ured ins tead of th e offset itse lf. 
whe re 
The 
Eo 
E 
0 
eos 
1 
RC 
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OS 
reco rded c urve 
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of integrat ed_ drift is s hown in 
= output voltage at t he end of time t 
= off se t voltage at th e input 
= 1 = 1 0  s conds 
0 . 1x1 
= in tegrating time = 1 minute 
= Eo 
10x60 
Figure 6. 
( 2-'1?) 
The record was ma.de during the period July 23 to July 26, 1 9?1 .  
The maximum E obtained was 0 . 1 9 volt on July 24, a t  3 :00 p . m. 0 
e 
OS 
= 0 .1 9 = 0 . 32 mV 
10x60 
Thus , wi thin a four-day pe riod , th e o ff  s et d ri .fted to a maximum 
value of 0 . 32 mV. The approximat e time drift is 0. 1 mV/day. 
8. 3 Mfl 
0.101 Mrl +15 v 
2 
To strip c hart recorder 
50 kD. 50-0-50 microammeter 
-15 v 
Figure 5. Sc he ma.tic diagram for meas uring amplifier drift . 
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In the j.LA 741 the offse t is compensated by a 10 k fl. potentio meter 
connec ted be tween p ins 1 and 5. This technique is  capable of compen­
sating up to 15 mV of the offse t at the input and avoids the use of a 
1 MO resis tance for �· 
ZI and ZF are se lec ted to perform the mathe matical operation 
required . Thus the equivalen t res is tance connec ted to the inverting 
input, Rr//�, is no t fixed at 50 kn as ass umed,  and so the idea that 
the effec t of the bias current is  cancelled by se tting Ra = �/ /� can 
no t always be achieved because of varying gain requi rements .  R1//RF 
can take a mini mum. value of 4. 76 k0. (when both inputs are c o nnec ted · to 
10 k fl and ZF is 100 kfl) to a maximum value of 100 k.Q (when one input . 
is connec ted to 100 k.0. and ZF is  a capaci tance ). The error vo ltage at 
the input depends upon the equivalent resis tance connec ted to the 
inve rting input and could be as high as 5 m.V. Ra was chosen to be 
50 kfland the nulling c :lrcuit se t as (Rr//�) = (100 kll//8 .J Mfl). 
This i s  proposed to minimize the effec t o r  bias c urrent when the 
operation al amplifier i s  used as an integrator . 
The operational amplifier with FET input s tage has lower input 
bias c urrent and lower input offse t current. The error d ue  to input 
offse t current may be reduced by the use of the operational amplifier 
with FET input s tage . However,  the input offset of the F.ET input  
operational amplifier is  more sens iti ve to temperature c hang e. I t  
may not be very satisfac tory unless operating in a temperature-
contro lled environ ment. 
Higher frequency changes in the input current and voltage are 
referred to as noise, which is a combination of thermal noise and 
shot noise.9 Noise model of' the operational amplifier for studying 
the effect of noise is shown in Figure ? . 
Esig = signal voltage 
Ens = thermal noise of source resistance 
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= 4KTRs6f (2-18) 
En = equivalent noise voltage generator 
� 
=J )f� en 2df 1 
In = equivalent noise current generator 
Eni = total equivalent noise voltage at the input 
(2-19) 
(2-20) 
(2-21) 
Note that the last term approachesrzero because C ,  correlation 
coefficient, is zero over most of the frequency range.9 
let 
Z = source impedance s 
= Zr//� 
= � = 100 kn 
= 50 kQ 
= 4KTRs �f = 1.61x10
-20x.5x10
4
x10
6 V 
= B-.o.sxio-
10 v 
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Eni is given in the data sheet, Appendix A, for the frequency 
range 10 Hz - 100 k Hz. Curve 15 on Page 84 indicates 12 µ..v rms 
for Zs = 50 kfl. 
From. the curves 13 and 14, Page 84, e2 and i2 appear to be n n 
constant in the region 100 k Hz to 1 M Hz. 
e� = 4x10-16 v2/Hz 
i2 = 3x1o-25 A2 /Hz n 
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For the total noise at the input in the frequency range 10 Hz _ 1 
MHz, taken as the bandwidth of the operational amplifier, w obtain: 
�1= 
= �(144+360+6?5)xto-12 
= Ju. ?9xto-�0• = 34.3 JLV I rms 
Total noise at the input is 34.3 ILV at a temperature of 25°c. r- rms 
E .  Stability, Bandwidth and Slew Rate 
The gain of an ideal operational amplifier is constant, independent 
of frequency. But due to stray capacitance in the circuit and high 
frequency limitation of transistors the gain of an operational amplifier 
decreases and the phase shift between output and input voltages 
increases as the frequency increases. The attenuation of the amplifier 
gain and the increase of negative phase shift with frequency creates 
the possibility of self-oscillation and increases the output error. 
The voltage transfer function of an inverting feedback amplifier may 
be written: 
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-A0 (W) 
1+A (W)p 
- - 1:. 1 f3 1 (2- 2 2 )  0 1 
+ -Ao-( W;;;..._) ,,-
where A0(UJ) is the open-loop voltage gain, a function of frequency, 
and f> is the voltage transfer function of the feedback path. 
As the open-loop voltage gain, A0(UJ), decreases, 1/A0 (UJ)fa 
increases and so increases the output error. Consider the situation 
when A (W) R = -1, V t = - , and the system is unstable causing 0 r OU CO 
self-oscillation. For stable operation the loop gain, A0 (W) fo , of 
an amplifier must not be greater than unity at the frequency where 
phase shirt is 180°. A conventional design criterion for unconditional 
stability is the requirement that the attenuation rate be at least 
-6 dB/octave at the closed loop gain crossing. For analog computer 
application the smallest required closed loop gain is usually unity 
so the operational amplifier must be frequency-compensated to obtain 
stability at unity closed loop gain. 
Frequency compensation in a monolithic operational amplifier is 
usually achieved by the method of pole cancellation. An RC network 
is connected to the output stage to introduce a pole at a lower 
frequency and a zero to cancel the original pole. 
This compensation network significantly reduces the slew rate. 
Slew rate is defined as the time rate of change of closed loop ampli­
fier output voltage under large signal oonditions.7 It appears that 
the slew rate is usually related to the bandwidth of the open-loop 
amplifier but not the bandwidth of the closed-loop amplifier nor the 
closed .J.oop gain of the amplifier. 
Bandwidth is defined as the frequency range over which the gain 
is approximately constant. The negative feedback extends the higher 
cutoff frequency by the factor 1+A0(UJ)f' The bandwidth of an 
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amplifier is a function of its closed-loop gain. The product of band-
width and the closed-loop gain of an amplifier with a fixed compen-
sation network is nearly a constant, usually referred to as the gain-
bandwidth product. 
The f.LA741 operation � amplifier is internally compensated. 
Its gain-bandwidth product is 106, that is, the bandwidth is 1 MHz 
when the closed-loop gain is unity and 100 k Hz when the closed-loop 
gain is ten. Its slew rate is 0 . 5 V/fLsec. 
F .  Linearity 
Output and input of an operational amplifier should be linearly 
related, that is Vout/Vin = _zF/z1• But the output voltage of any 
realizable amplifier is limited, and the relationship between input 
and output voltage is not linear throughout the entire r�ge of out­
put voltage. At the higher limits of output voltage the amplifier is 
operating in the saturation region. To ensure that the closed-loop 
gain is linear, operating the amplifier with the output voltage near 
the higher limits should be avoided. To avoid operating the 
operational amplifier in its saturation region which leads to 
inaccurate results and possible damage to the amplifier, overvoltage 
indicators are used to warn the operator whenever the out put voltage 
is beyond the desired range. 
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When the fL A 741 operational amplifier is supplied by !15 V power 
supply its ·output voltage range is ±14 V. This assures that it will 
·operate linearly in the required range of ±10 V. Although operating 
in the saturation region will not damage the f.LA741 operational ampli­
fier, it leads to incorrect results. The overvoltage indicators were 
not included in this computer. The approximate maximum value for each 
amplifier should be determined during magnitude scaling. When a problem 
is run on the computer, any critical value should be checked by the 
output readout device to ensure that the maximum voltage at the output 
of any amplifier does not exceed ±12 V. 
CHA PTER III 
DESIGN 
A .  General Description 
The schematic diagram of the analog computer is shown in 
Figure 8 .  It consists of: 
Nine operational amplifiers manually balanced by 
screwdriver adjustments on the front panel. 
One four quadrant analog multiplier. 
!15 Volts regulated power supply for all active 
components, capable of supplying current higher than 
150 mA. 
10 Volts ungrounded, regulated power supply for 
coefficient potenti meter setting and initial condition 
voltage supply. 
50-0-50 Microammeter, 2 percent full scale accuracy, 
calibrated to read ±1 V, ±3 V, and ±10 V. Meter is also 
used for output voltage reading, coefficient potentio­
meter setting and offset nulling. 
One four contact relay for manual operation, repetitive 
operation and reset. In the repetitive operation mode the 
rate of repetition can be varied from 1 /15 Hz up to 35 Hz. 
Five 10  k fl coefficient potentiometers. 
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Figure 8. Schema.tic diagram fer the analog computer 
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T hese components are enc losed in t he case for the EC-1 Heathkit 
Analo g Computer wit h ori ginal vacuum tube components re moved . Computer 
pro grammin g is done on t he front panel usin g plug-in computing elements  
and patch co rds . 
B. Operat ional Ampli fier 
Detailed c haracterist ic s  of t he operational ampl ifier are given 
in Chapter 2 .  Table 1 s ho ws its c haracteristics in comparison to three 
other o perat ional ampli fiers used in EC-1 ,  EASE and EAI380 . T he se 
c haracteristic s are as given in speci fications released by the manufac·-
turer . Some paramete rs ,  ho weve r, are not available . It may not be 
convenient or ne cessary in all cases to make t he measurements ,  so 
est imations will be ma.de instead from  t he c ircuit diagrams and 
available data . 
EC-1 Heath kit 's amplifie r is t he most s imple operational ampli fier , 
cons ist ing of  a pentode cas caded to a tr io de .  This gives an unstabilized 
amplifier wit h  open- loop vo ltage ga in of  103 . 
EASE•s a mpli fie r  consists o f  a high gain d e  amplifie r o f  gain 105 
wit h stabil izing ampli fie r  o f  gain 103 . T his gives a hi gh performance 
operat ional ampl ifie r of  gain 108 and ve ry lo w drift . Its de fic ienc ies 
in clude poor character ist ics o f  t he tube ;  la ck of  ruggedness , s hort 
life-time , large phys ical si ze ,  and lengthy warm-up pe riod . 
T he EAI380 amplifier cons ists of a hi gh gain d e  ampli fier and a 
chopper stabi lize r. T his t rans is to r  operat ional amplifie r gives d e  
gain o f  3 x 107, ope rat ing  in t he range of � 10 V. The comput ing 
elements are conne cted inte rnally. 
JO 
Table 1. Characteristics of f.LA741 in comparison to three other 
operational amplifiers. 
Mod. 1480 Mod. 6.614-2 
EC-1 op-amp dual de amp 
Heathkit EASE EAIJ80 fLA741 
Electronic element Tubes Tubes Transistors Integrated 
circuit 
Power supply +JOO V +250 v !15 v !15 v 
-150 v -465 v +JO v 
-
Power consumption 1.5 w 4.8 W de 50 mW 
(stand by) 11.97 W ac 
Operating range !60 v !100 v ±10 v ±10 v 
DC voltage gain 103 108 3x1o7 2x105 
* 
5x106 D. * 104 n 
* 
2xto6 D. 2in High 
400 n * n 50 n * 75 D. 2out 0.01 
** 100 µv 
* 20 µv 0.1 mV 
** 
Input off set a:rter 75 mV 
balancing - .. 
* ** 
Drift !'5 mV 100 µ V/day Very low 1ooµv/day 
short term 
Input noise 4 mVrms 5 mVrms 1.06 µvrms J4.3fLVrms 
Bandwidth of unity 500 Hz 10 kHz 125 kHz 1 MHz 
gain inverter 
** 2xt-o5 
** 
6xto5 
** 
Slew rate (V/sec) 5xto4 
* Estimated from available data 
** Measured value 
otherwise obtained from References 13, 14 and 15. 
The Jl-A741 integrated circuit operational amplifier which was 
selected to replace the :&::-1 Heathkit's operational amplifier is 
extremely small and has very low power consumption. The ma.in advan-
tages of an integrated circuit operational amplifier· are its circuit 
simplicity and its low cost. Its disadvantages are due to limited 
performance caused by price versus performance considerations in the 
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integrated circuit manufacturing. The fLA741 , although not considered 
as a high perform.:i.nce computing amplifier in terms of drift and voltage 
gain, satisfactorily fulfills the requirements of a computing amplifier. 
The circuit diagram of the operational amplifier is shown in Figure 9. 
C. Power Supply 
Each operational amplifier requires a power supply of ! 1 5  volts 
with supply currents of 1. 7 mA up to a maximum of 2 . 8 mA. The power 
supply must provide ! 1 5  � lts with sufficient current for these nine 
operational amplifiers, the voltage follower and the multiplier. 
Total required current is about 35 mA. The power supply must be line­
regulated to prevent the variation of output voltages due to line vol­
tage changes and load current-regulated to prevent interference between 
various operational amplifiers. The specifications for regulated power 
supplies depend on the size and precision of the computer, generally 
regulated to within 0.1 to 1 . 0 percent of their nominal values for 
1 
anticipated variations in the line voltage and load current. The 
power supply should also have a low temperature coefficient (0. 01 percent/ 
1 8  oc to 0. 05 percent/OC) and low ripple (JmVPP to 100 mVPP). 
For an 
To front panel 
amplifier connection 2 
3 
+15 v 
-15 v 
6 To front panel 
amplifier connection 
Figure 9. Circuit diagram for the operational amplifier, µ.A741. · 
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integrated c ircuit operational amplifier the power supply sensitivity 
is always specified , usually in terms of the ratio of the change in 
input offset voltage to the change in the supply voltage. Specifi­
cations of the power supply may be based on thi s characteristic of 
the operational amplifier. 
f.LA723 integrated circuit voltage regulators are used . The 
circuit diagram i s  shown in Figure 10. Thi s connection is  as given 
by the manufacturer , Fairchild Semic onductor. The temperature 
coefficient is  0.002 -percent /0c, ripple reduction is 74 dB , line 
regulation is 0.02 percent and load regulation is 0.03 percent. 
Both positive and negative output voltages change less  than 
0.5 V when the input voltage changes from ! 18 V t o  ! 30 V and the 
load current changes from zero to 150 mA. Ripple cannot be detected 
on an oscillosc ope with a scale sensitivity of 50 mv/cm. 
D. 10 V Regulated Power Supply 
The computer is  equipped with a. 10 V regulated power supply to 
be used as a reference voltage in coefficient potentiometer setting 
and as an initial condition voltage supply. The circuit diagram of  
the power supply is  shown in Figure 11. The Darlington pair Qi, � 
functions as a series control element. Q) performs as a c omparator, 
comparing a sample of the output voltage to the reference voltage drop 
across the Zener diode. 
The output voltage remains constant at 10 V as the input voltage
 
changes from 18 v to 30 v and the load current changes from 0 to 50 mA. 
Ripple cannot be detected on an oscilloscope with a scale sensitivity 
of .50 mV /cm. 
+23 v 
v+ vc 
· Vref Vout . .,___ __ 
� 
v . 
µA723 z 
CL . 
Cs. 
· N .I. Inv . ·I • � 
v-: Com�. 
500 pF 
-:-
..---- +15 v 
3.01 kn 
'7 
-23 v 
c: 
� 
(""'\ 
� 
0 
� 
C! 
� 
(""'\ 
. vref 
µA723 
. N . I .  
v-
VC 
VOU' 
Vz. 
CL. 
c . s 
500 pF 
Figure 10. Circuit diagram for power supply voltage regulator ,  µ.A?2J. 
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E. Panel Meter 
A 50-0-50 mic roa.mmeter is the only readout device furnished in 
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the computer. An XY recorder , oscilloscope , or strip chart rec order 
may be used to display the output by c onnecting to the amplifier out­
put terminals . The meter is also used to read the voltage applied to 
the meter input terminals and to detect the amplifier nulling. Instead 
of using exact resistance , resistances in series with potentiometers 
are used to provide meter calibration. The meter connection is shown 
in Figure 12 . Current through the meter is limited at about 140 fL A ·  
. 
The voltage drop across the 5 k f2 series resistance is limited by the 
breakdown voltage of the diode 1N251 , 0.7 V .  
F.  Amplifier Nulling 
Offset of the operational amplifiers can be compensated without 
removing the problem setup: A nulling switch on the front panel c on­
nects the amplifier to ground through 0 . 101 M fl input resistance and 
8. 3  M fl :teedback resistance. The input offset is thus amplified 83 
times and then detected by the microammeter in series with 490 fl 
resistance . This gives a very sensitive detector . The input offset 
of the operational amplifier can be reduced to less than 0 .1 mV • Two 
1N251 diodes are connected in parallel with the meter to protect it 
from any transient high voltage that may occur while depressing the 
nulling switch. The simplified diagram for amplifier null
ing i s  shown 
in Figure 13. 
From meter function switch 
Output no • .1 
Output no . 2 
-
"' Me ter range switch 
1N251 
-:- 7 
C! 
� 
0 
'4) 
� 
c: 
� 
0 
\r\ 
4900. 
\r\ 
50-0-50 J-LA 
7 - -
Figure 12 .  Panel meter c onnection . 
1N251 
'v.> 
"""' 
Nulling switch 
Meter function switch 
1N251 
+15 v 
-15 v 
, I � To problem board 
- - -. . . 
0 . 101 Mfl 
-:-
50-0-50 microa.mmeter 
Figure 13 . Simplified diagram for amplifier nulling. 
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G.  Coeffic ient Potentiometer Sett ing 
A 10 V regul ated power supply incorporated with the meter is used 
for setting coeffic ient potentiometers . 
The main error in coeffic ient potent iometer sett ing is due to the 
add it ion al voltage drop in ( 1 -Cl)  � c aused by the current flowing to 
the load res istance , 11_· Figure 14 shows coeffic ient-setting 
potent iometer with connect ing lo ad .  The effect i s  described by 
an express ion for the effect ive potent iometer sett ing. 
E k - 0 --
Er 
a 
Note that k ,  the volt age attenuation , is a function of the 
potentiometer sett ing, Q. , and the rat io of the potentiometer resis­
tance to the load res ist ance , Rpfl): Error correct ion by us ing the 
given equat ion is tediou '!. But with a high input res istance meter , 
accurate potent iometer setting is eas ily accomplished by a d irect 
me asurement of the volt age with the load res ist ance connected . 
The meter input bind ing posts are connected to the meter through 
a volt age follower which provides a high input resi st ance of 400 Mf1. 
The µ A 725 integrated c ircuit operat ional amplifier is connected as a 
volt age follower.  The frequency compensated network shown in Figure 15 
is connected to prevent osc illat ion .  The µ A725 was selected bec ause 
of its low drift and low offset . With the volt age follower configura­
t ion its offset and drift are negl ig ible . The input offset is 0 . 6 mV 
and the dr ift is 1 . 5  µv/day. With no connection to the meter input 
bind ing post , the output of the volt age follower is -13 . 0  V .  
E1 
10 v 
l 
ftp 
Hi 
Eo = kEI 
� -:-
Figure 14. Coefficient-setting potentiometer with load. 
g 
2 
From meter input binding post 3 
C
2 I 
Rt = 40S1. 
c1 = 0 . 02
 fLF 
+15 v 
-15 v 
R2 = 10 . 5 fl 
c2 = 0 . 05 fLF 
To meter function switch 
Figure 15. µA?25 connected a s  a voltage follower .  
� ..... 
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H. Multiplier 
Among various type s of electronic multipliers on the market , the 
time division multiplier gives the best accuracy and the be st perfor­
mance attainable , while the transconductance multiplier gives moderate 
accuracy at lowe st c ost . The AD530K is a monolithic transconductance 
multiplier manufactured by Analog Devices Inc . , priced at $45. 00 .  The 
scale factor is  externally adjustable . The input and output offsets 
are externally trimmed. Its total error is about one percent . 
Detailed specifications and the pin configuration as given by the 
manufacturer are in Appendix B .  
Fi gure 16 shows circuit connection of the multiplier. When 
used as a multiplier the Zin terminal is connected to the output 
terminal , and when used as a divider the Yin terminal is c onnected 
to the output terminal . Squaring and square root operations are 
. -
accomplished by connecting Xin to Yin when the AD530K is c onnected 
as a multiplier and a divider ,  respectively. When connected as a di� 
vider a negative value of X ,  the divisor , is forbidden .  
I .  Repetitive Operation 
Sometimes it is desirable to investigate the different behaviors 
resulting from a change in the parameters and/or initial c onditions of 
the system. By automatically switching the computer between OPERATE 
and RESET modes while simultaneously changing the parameters or initial 
conditions , the effects of the change can be immediately observ
ed on an 
oscilloscope .1 This is very convenient when using simul
ation to 
optimize the design of a system. 
+1 5 v 
20 k.0. 
x. in 6 
yin
�� 5 k fl  1 
'-
750 D. 
j 
2 
5 
20 kfl 
20 k Sl  
10 7 9 
.. ,
' 3 1 
AD530K 
4 1  
8 
-
-15 v 
I 
I 
Figure 16 . Circuit connection of the AD530K multiplier. 
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A multivibrator i s  used to operate the relay for repetitive 
operation. The rate of repetition can be varied from 1 /15  Hz up to 
35 Hz . The duratdton of the RESET period is  about one millisecond 
which is  long enough to let the capacitor discharge through the 
closed switch of the relay. 
The circuit diagram of the multi vibrator is  shown in Figure 1 7. 
Q1 is a unijunction transi stor operating as an astable multivibrator 
whose period of oscillation can be adjusted by a 40 k rl  variable 
resistor . The output from the multivibrator is  fed to a Darlington 
pair � ,  � which handles the high current required in operating the 
relay. 
Photographs of the c omputer front panel and the computer chas sis 
are shown in Figures 18 and 19 . 
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Figure 17.  Circuit diagram of the multivibrator for repetitive operation. 
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CHAPI'ER IV 
APPLICATIONS 
The complexity of the problems that can be solved is limited 
because this analog computer contains only nine operational ampli-
fiers and each amplifier has only two inputs .  These restrictions 
are due to the front panel layout on the EC-1 Analog Computer and 
are not restrictions imposed by the u�e of integrated circuits .  The 
analog computer will be used to solve a few simple equations that are 
often encountered in the study of electrical circuits and control 
system engineering. The solutions obtained from the analog computer 
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will then be compared to the solutions obtained from hand calculation. 
A discussion follows concerning the accuracy of analog computations in 
general and an investigat.�on of the sources of error which may arise . 
A .  Accuracy in Analog Computation 
The accuracy of a solution obtained from analog computation 
depends upon the nature of the problem and the ability of the operator 
as well as the accuracy of the instruments . 3 It is not possible to 
, .  specify the accuracy of an analog computer without considering the 
precision of the computing components .  Even if the precision of the 
computing components are known , it still may not be possible to specify 
the accuracy of the analog computer in a given problem. _ The precision 
of these components ,  such as input and feedback elements , limits the 
accuracy of solutions obtainable from an analog computer. 
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Instrumental error i s  due to individual errors in each of the 
instruments c ombined in some unspecified fashion . The instrumental 
error can be minimized by selecting suitable magnitude and time scales 
which make optimum use of an accurate readout device which has suffi­
cient frequency response . Magnitude of the signal should be maximum 
without overloading the amplifiers while the c omputing time should be 
minimum. provided that the results can be followed by the readout device .  
Finite input impedance , finite open-loop voltage gain and nonzero 
output impedance of the operational amplifier introduce static error. 
But in this c ase the error i s  dominantly that due to inaccurate values 
of the computing element s , potentiometer settings and initial condition 
settings . All carbon film. and deposited carbon resi stors used for the 
computation were matched to within one percent .  For economic reasons , 
five percent mylar capaci"'tors ( 0 . 1  µ F and 1 . 0 f1.. F) and polystyrene 
capacitors ( 10 f.LF) were used . The coefficient potentiometers were 
inexpensive one -turn potentiometers without dial calibration . This 
nece ssitated setting potentiometers by means of the refe rence voltage 
and panel meter .  This method gave accurate results t o  within two 
percent provided that the load remained connected in the c ircuit while 
setting the potentiometers . 
Drift in the operational amplifiers is  the major error when 
computation extends over a long period of time . The operational 
amplifiers should be nulled before each computer setup and the null 
verified whenever a hi gh preci sion result is desired . 
Frequency response and slew rate establish an upper frequency 
limit fo the signal. The gain-bandwidth product of the µA741 is 
106 • Thus the operational amplifier is capable of operating at a 
frequency above 10  k Hz . Its slew rate is 0 . 5 V/µ_,sec. 
The voltage transfer function of an analog integrator is 
approximately equal to -1 /RCS . Due to R1 , leakage resistance 
associated with the feedback capacitance, the voltage transfer 
function of an integrator is -Rl __ 1 __ 
R R1cs + 1 
The low frequency gain 
of an integrator is limited by either open-loop voltage gain of the 
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operational amplifier or the ratio of leakage resistance and input 
resistance, R1/R. This nonideal frequency response of the integrator 
may have significant effect upon some problems. 
Sources of noise in the computer, including amplifier noise, 
pickup noise and noise in the readout device establish a threshold 
of usable signal at about 0 .  5 mV. The linear operating region of the 
operational amplifier establishes a maximum amplitude for the signal 
so the amplifier output voltage must not exceed !12 V. 
Accuracy of the solution is often limited by the readability 
and the accuracy of the readout device. Typical accuracies for these 
readout devices are : panel meter ; 2 . 0%, XY plotter ; 0 . 1% - 0 . 25% ,  
strip chart recorder ; 0. 5% _ 1. 0� , and oscilloscope ; 5. 0% - 10 . 0%, 
when they are properly calibrated and operating within their 
specified frequency ranges. 
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Accuracy of the c omputing components in this analog computer i s  
limited by tolerances  of  the computing elements used ; 1�  in summation 
and 5% in integration. In general the accuracy of the solutions 
obtained from this computer can not be better than these limits .  
B.  Example 1 ,  Simultaneous Algebraic Equations 
ax1 + � + x3 = o 
X1 + 2X2 + X3 = . 7 
x1 + 12 + 2x3 = 5 
(4-1 ) 
(4-2 ) 
( 4-3)  
To ensure stability of the computer setup the machine equations 
must be chosen so that the self-loop gain for each variable is  less  
than unity.4 
Solving for the variable in Equations 
2X1 = 0 - x2 - x3 
212 = 7 - x1 - x3 
2x3 = 5 - x1 - x2 
(4-1 ) ,  ( 4-2 ) and ( 4-3)  
(4-4-) 
(4-5)  
(4-6 )  
The programming diagram for this problem is shown in Figure 20 
with the loop gain for each variable equal to 1 /12 . 
Computer results are x1 = -2 . 9  
x2 = 4. o 
x3 = 1 . 9 
Calculated results are X = - J . O 1 
x2 = 4 .o  
x3 = 2 . 0  
Accuracy of the computed results i s  about 5 percent • 
) 
(x1+xz) ( 5-x1-Xz
) 
Figure 20 .  Programming diagram for Example 1 . 
-2x1 
-2x2 
-2x3 
\J\ ..... 
C .  Example 2 , Second Order Differential Equation 
The second order differential equation can be written in 
standard form as follows . 
where 
d2x + 2 t:w dx + w2x = 0 
dt2 � n dt n 
Wn = undamped natural frequency in radians per second 
�- = damping ratio 
Solution to this equation i s  
- W t [ w F-i t n K n S x = e 1e + K2e - WnFit
J 
Waveshape of x depends on the 
� = 0 ,  X = x0 COSll\.it 
�<1 ,  - fW t  x = x e cos W o n 
(; 12 damping ratio , S • 
Undamped 
Underda.mped 
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( 4-7) 
( 4-8) 
� - W t S = 1 , x = Xo ( 1 +t )  e n Critically damped 
2 
�>1 ,  x = x
0 
e
- �C4it cosh Wn Rt 
The machine equation is  
1 d2x � dx + x = 0 nm dt2° + 10 dt 
Qverdamped 
The corresponding wn =
 10 radians per second and ( = f3 /2 
The initial conditions are : ( 0 )  = 0 
and x (0)  = 8 
(4-9 ) 
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The programming diagram is shown in Figure 21 . Waveforms of x , 
1 dx and -X versus L dx for various values of R. are shown in 
10 dt 10 dt r 
Fi gures 22 and 23. From the recorded results , frequencies of oscil-
lation and percent overshoot of x were measured and compared to the 
calculated result s .  
.. 
e= � /2 o . o  0 . 10 0 . 25 0 . 50 1 . 0  2 . 5 
Frequency 
measured 9 . 8  _9 . 9 9 . 7 7. 0  0 
of oscillation calculated 10 . 00 9. 95 9 . 70 8 . 66 0 
Percent 
measured 100 81 50 20 0 
overshoot of x calculated 100 72 44 15 0 
The accuracy of this  solution is  about 20 percent . Resolution 
of the oscilloscope trace severely limited the accuracy for this 
0 
o · 
0 
0 
problem. Hi gher accuracy can be obtained by scaling down the problem 
time and using a more acc urate recording device , such as X-Y recorder. 
Note that noise seen in the pictures was noise in the 
oscilloscope rather than noise from the computer . This could be 
eliminated by using another oscilloscope . 
D .  Example 3 ,  Simulation of an Electrical Network. 
Kirchhoff ' s  voltage equations of the circuit diagram shown in 
Figure 24 can be written as follows . 
e1 = Li :�1 + � f it dt - � f i2dt (4-10 ) 
. 
N 
� 1
0 
I _. 
� 
0 
0 . 2 
1 dx 1 
x - -
10 dt 
_,.,.,,. vs . 10 dt 
Filltlre 22 .. Computer solution f<or second order di fferential equatj ori ,' Example 2 .. 
scale , 500 msec /c 
Voltage scale , 5 V /cm \J\ \J\ 
x 1 dx •A VS 1t - -
10 dt 
ime scale , 500 msec /c 
Volta�e scale , 5 V/c 
Fi .. , 23 .. Comput olution for second order differential equatio�: . ple 2 .. 
� 
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0 = Ri + L di2 + 1 2 2 dt c 
f i2dt - ! f i1dt c (4-1 1 ) 
let q1 = f i1dt and ciz = 
q - R q" 2 - - - 2 12 
1 
12c 
f i2dt 
For the values given we can write the ma.chine equations 
qt = -100 q t + 100 q2 + ( 0 . 5 sin 20t ) x 20 
q2 = -10 q2 - 100 q2 + 100 q1 
(4-12 ) 
(4-13) 
(4-1/f) 
( 4-15) 
Programming diagram is shown in Figure 25. Waveforms of 10e . , 
1 
-10i1 , -10i2 , 10ei versus -10i1 and 10ei versus -10i2 are shown on 
Figure 26 . The factors of ten were necessary for magnitude scaling 
of the equations . It st be noted that photographing reversed the 
pictures from left to right . Time scale must be read toward the lef't 
hand . Results obtained from the pictures are 
i1 = 1 .45 t?90o ei 
i2 = o .40 /120° ei 
Results from hand calculation are 
i1 = 1 .44 
i2 = 0 .40 
j-86 . 9° ei 
/126 . 8° ei 
The solution to this problem has an accuracy within 5 percent . 
E.  Example 4 ,  Simulation of a Nonlinear Control System. 
A block diagram for general switching controlled plant is shown 
in Figure 27 . 
11 R 
11) 
c 12 
e1 = 0.5 sin 20t 
' R = 0.5 fl 
11 = 0 .05 henry 
12 = 0.05 henry 
C = 0. 20 farad 
Figure 24. Circuit diagram of the electrical network simulated in Example ). 
\.)'\ 
CD 
1 0ei = 5 sin 20t 
-10i1 100q1 
10 1 
1 
1 
100q2 
1 10 
-10i2 
10 
10 
1 
1 
Figure 25 .  Programming diagram. for simulation of an electrical network of Example 3 .  
-100q1 
-100� 
0 
\J\ 
'° 
0 ei 
- ! r'li l 
1 0e:': vs e 
.. 1 01 1  
Fi�e Com.puter solutton .pla 
1 'J ei 
f"' .!  
2 
f; .,:  ·� /S o 
1 (l.l -· . ' 2 
Voltaf!e scale , 5 V/c 
Time $cale , 200 msec /cm 
°' 
0 
61 
Specially c onsider the case of an ideal relay having control 
effect N with the governing function as F(t ) = k1 e (t) + k2 de (t) /dt . 
The plant transfer function is  1 / ( s2 + 100 ) . The block diagram of the 
system to be simulated i s  shown in Figure 28. Let the driving 
function r (t) be equal to zero and investi ga�e the characteri stic 
re sponse to a set of initial conditions . As r (t )  is equal to zero, 
e (t) is equal to -c (t) , the computer setup can be simplified as shown 
in Figure 29. 
The control equation of the system may be written as 
e (t ) + lt.)2 e (t) = -N sgn F (t )  0 
Amplifiers f6 and #7, used for changing signs of -e and -e , 
( 4-16) 
were disconnected for no si gn change . All resistances are 100 k fl  
and capacitances  are 1 J.LF.  Amplifier #1 with two zener diode s was 
used to simulate the ide l relay with two possible outputs of +4. 5 V 
and -4. 5 V. 
The phase-plane plot s of the system with various governing 
functions are shown in Figure 30 . The re sponse of the system depends 
upon the governing function F(t ) .  
For ki = O ,  k2 = -1 and k1 , k2 = 0 the sy
stem response is  
divergent. 
F k 1 k 0 d k = 1 ,  k2 
= 0 the system re sonse is  or 1 = - ' 2 
= an 1 
oscillatory. 
For k1 = o ,  ki = 1 the
 response i s  undesirable for e has a
 
finite value when input i s  zero . 
For the case k = k = 1 the system seems to be satisf
actory. 
1 2 
r . - ... e
(t ) 
. 
ll 
F(t ) ' Relay - -
Figure 27. Block diagram of general switching controlled plant . 
Plant c
(tj 
--
� 
· ·
±
F 
1 
e (t)_ de -- s2+100 kie+k2 dt - � - ... , � --.. 
J. - N  
I 
I 
Figure 28 . Block diagram of the system to be simulated in Example 4. 
c (  
---
· -
t ) 
°' 
\.A) 
Relay Plant - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1  I I I I I x I I I o I I I I 
I I 
. 
I I 
I I - l _c (t ) 
I I I 
I I 
I 1N747 : ' I I 
I 
-=- ,- - - - - - - - - - - - - - - - - - - - J 
L _ _ _ _ _ _ _ _ · _I 
r- - - - - -
1 
, - - - - - - - -- -' 
I ,__..(\A A -
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
� 
· · · 1 
, _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 
F (t ) 
All resistances are 100 k Q 
Capacitances are 1. 0 f.LF 
Figure 29. Computer setup for simulation of the switching controlled system, Example 4.  
°' 
� 
k2 ::: - 1  
kz :::: o 
1 '!:: k2 -
Fi Jv . 1lot of t tchin 
B 
ki :::: k2 :::: 1 
,... - 1 k_ - 0 ·-1 - t · -z 
k1 = 0 ,  � ::: 1 
) X sea.le � Y scale � 4 V/c 
B)  X scale = Y scale = 2 V/cm 
:mple 4. °' 
\J\ 
Details may be found in Reference 10. Mathematical analysis of 
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this system is  rather involved so the accuracy of the computed result 
was not determined . 
· similar switching control system with various nonlinear 
parameters c an be simulated on this analog computer .  The analog 
c omputer i s  useful in nonlinear system analysi s because mathematic al 
methods may be rather complicated and may not give very accurate 
results due to approximations made in the solutions . 
F. Example 5 , Second Degree Differential Fiquations . 
The example to be simulated was Volterra ' s  c ompetition equation 
with the general form 
dx = ax - R xy (4-1 7)  
dt � 
� = -YY + C X1 .. (4-18)  
dt 
the equilibrium condition is  at x = Y/8 and y = a /13 . The 
phase-plane plot of the system can be obtained from the equation 
� = _ i 8x-Y 
dx x fo y- 0 
the equations for computer setup are 
dx = 2x - xy 
dt 
� = -5Y + 2xy 
dt 
(4-19)  
(4-20 ) 
(4-21 ) 
the programming diagram is  shown in Fi gure 31 and the phase-plane plot 
obtained from the analog computer , recorded by an XY plotter i s  as 
shown in Figure 32 . From the recorded result the equilibrium. of the 
1 
2 
1 
Yo 
2 
1 y 
-xy 1 1 xy 
Figure 31 .  Programming diagram for Volterra ' s  equation.  
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Figure )2 . Computet' solution for Voltarra 1 s  competition equation , Example 5 .  °' 
Ct> 
system i s  at x = 2 . 4 , y = 1 . 9 . From hand calculation the equilibrium 
of the system is  at x= 2 . 5 , y = 2 . 0 .  The accuracy o f  the c omputed 
result is about 5 percent . 
G .  Example 6 ,  Narrowband Frequency Modulation . 
The equation for phase modulation of a sinusoidal signal may 
be written as 
where 
f (t ) = c os ( W t  + f3 sin W t ) · 
c c m_ 
f c 
( t ) is  the narrowband FM out put signal. 
Wc is  the angular frequency of the carrier signal . 
Wm is  the angular frequency of the modulating signal . 
(3, is the maxim� phaseshift of the FM output . 
for f><<· {[ or fo < 0 . 2 radian 
(4-22 ) 
(�-23)  
(4-24) 
From this approximation , a narrowband frequency modulated signal 
can be generated by the system whose block diagram i s  shown in 
Figure 33 . Diagram of the c omputer setup is shown in Figure 34. 
Waveforms of the modulating si gnal, carrier , output of the multi plier 
and the narrowband FM output are shown in Fi gure 35. 
Bec ause the maximum phaseshift , f3 ,  is very smal� , the frequency 
deviation of the output can not be observed. Also there was some 
amplitude modulation in the output . The output signal looks more like 
Integrator Balanced modulator 
f(t ) 
Carrier 
90° Phase shi�er 
Figure 33 . Block diagram for narrowband FM system of Example 6 .  
Adder 
+ 
+ 
� 
1600 pF 
1 M f2 
Signal 
2 
· Em sin 2'1fx1 .25x10 t 
Carrier 
E0 sin 27T x10--rt 
16o pF 
Figure J4. Computer setup for narrowband FM system of Example 6 .  
100 kfl. 
FM output 
-...J ... 
Carri.er 
ModulatJ n.r:: si gnal 
Output from bala:ncecl modula.tol'" 
Narrowband FM 
scale . V/c 
Y scale , C /C 
Fi 35 .. corded re sults 10 , E�pl 
� 
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low modulation index AM signal than FM signal . In order to show that 
the output really c ontains frequency change , the output was fed to a 
voltage limiter and a frequency discriminator . The voltage limiter 
constrained the amplitude of the signal to ! 4.7 volts , thus 
eliminating the amplitude modulation . The output from the voltage 
· limiter was fed to a frequency discriminator which c onverted the 
frequency deviation to amplitude deviation . The output �f the fre­
quency discriminator contained a"' measurable but small amplitude 
change . The result was not recorded . 
The c omputer setup for the voltage limiter and the frequency 
discriminator is shown in Fi gure J6 . The voltage transfer function 
of the frequency discriminator was similar to an LC tank circuit with 
a resonant frequency at 0 . 81 x 103 Hz . 
Modulation and
-
demodulation are nonlinear processes , often 
requiring multiplication . This is usually acc omplished by using 
devices  whose characteri stic s are nonlinear or linear time-varying. 
The analog c omputer , designed for this research , c ontains one analog 
multiplier and nine operational amplifiers which can perform a wide 
variety of operat.ions . This computer is thus a c onvenient instrument 
to simulate many systems of modulation and demodulation.  
1N750 I 130 pF I 
I 100 k Q  i · I ' I 100 k fl  I 
I 1 130 pF 
Voltage limiter Frequency discriminator 
Figure 36. Operational amplifiers connected as voltage limiter and frequency 
discriminator for narrowband frequency modulation detection . 
� 
CHAPI'ER V 
CONCLUSION 
The purpose of this study has been fulfilled . The vacuum-tube 
amplifiers in the Heathkit EC-1 Analog Computer have been replaced 
by the integrated circuit operational amplifiers , f..L A741 . All c om­
puting facilities and control circuits which were contained in the 
EC-1 Analog Computer were redesigned to operate with the f.L A?41 . 
One analog multiplier was included to extend the use of the computer 
to second degree equations . The computer was te sted and used to 
solve several representative problems . Every unit f"unctioned per­
fectly and the results obtained were satisfactory. Over-all 
performance of the analog computer i s  considerably better than the 
EC- 1 Analog Computer.  
Chapter I serves as  an introduction to the analog c omputer in 
general and spec ifies the problem of the research . 
Chapter II is a study of the operational amplifier ,  the most 
essential part in an analog computer. In . this chapter it is shown 
that general .purpose integrated circuit operational amplifiers are 
suitable for the use as a de amplifier in an analog computer .  A s  a 
result , an analog computer can be built much less sophisticated and 
at much lower expense than by the conventional method of using 
discrete-component amplifiers . 
Characteristic s of the nonideal operational amplifier and their 
effects upon computed results were investigated . Chapter II also . 
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di scusses  which parameters are considered to be important in 
selecting an operational amplifier . Manufacturer ' s  technical data 
are of'ten sufficient in evaluation of an operational amplifier .  
Table 1 shows characteri stic s o f  the f.!A741 operational amplifier 
in comparison with three other operational amplifiers . One may 
consult these data as an aid in selecting an integrated c irc uit 
operational amplifier .  
-
Chapter III contains circuit diagrams and circuit descriptions 
of every unit in the analog computer . Design c oncepts  and speci-
fications for each unit are discussed . This chapter answers some 
questions that may arise in designing an analog c omputer. 
Chapter IV presents typical examples of linear and nonlinear 
equations solvable on this c omputer . By this means some measure of 
the accuracy of the solution from this computer is obtained . This 
chapter may also be useful in the application of the analog c omputer 
to the solution of specific problems . 
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For a low cost analog computer with component acc uracy of 1 per-
cent , one may follow the desi gn in Chapter III , but instead making use 
of higher precision computing elements , since it has been shown that the 
precision of this computer is limited by the precision of these com­
puting components .  The complexity of the problem solvable on an 
analog computer is  usually limited by the number o� operational ampli­
fiers it contains . The front panel of the EC-1 Analog Computer has 
allowed space for only nine operational amplifiers and each amplifier 
can have only two inputs . For a more flexible computer , one should 
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discard the EC-1 case and design a better front panel .  The use of 
internally c onnected input and feedback elements would result in a 
compact front panel .  A removable patch panel allows the preservation 
of a computer setup for later reuse and increases the utility of a 
computer appreciably. A well-designed front panel layout is  very 
important in a large analog and hybrid computer. 
The author suggests that the present work be extended by 
designing a high precision and high performance analog or hybrid 
computer , using integrated c ircuits .  It has been shown in this wo�k 
that the major error of the operational amplifier i s  due to drift and 
offset current of the operational amplifier . This error can be sup­
pressed by using a low dri:f't and low input offset current operational 
amplifier.  The operational amplifier with FET input has very low 
offset current . Although it is  more sensitive to temper�ture change , 
it may be suitable if used in an air conditioned room. The use of a 
temperature-controlled preamplifier i s  advisable . The combination of 
�A727 , temperature-controlled preamplifier ,  and f.LA741 , general· 
purpose operational amplifier , was tested and. found to be very 
satisfactory. 
Error due to computing elements such as input and :feedbac k  
impedances , potentiometers and initial c onditions can be overc ome by 
using high precision components . A higher accuracy panel meter i s  
necessary because the accuracy o f  potentiometer and initial c ondition 
setting is limited by the accuracy of the panel meter. A digital 
voltmeter is  expensive but nece ssary if an accuracy of better 
than 0 . 1  percent is  desired . Otherwise potentiometer and initial 
condition settings must be done by means of a reference voltage , 
reference potentiometer and a null-meter , which is  less  reliable . 
Overload indicators and some operating control systems may be 
necessary. 
78 
REFERENCES 
1 .  Weyric k ,  R .  C .  Fundamentals of Analog Computer . Englewood 
Cli ffs , New Jersey : Prentice -Hall , Inc . , T969 . 
2 .  Korn , G .  A .  and Korn , T .  M. Elect ronic Analog C omputers . Sec ond 
edition , New York : Mc Graw-Hill Book Company, Inc . , 1 956 . 
79 
3 .  Johnson , C .  L .  Analog Computer Techniques .  New York : � Graw-Hill 
Book Company , Inc . , 1956. · 
4 .  Warfield , J . · N . Electronic Analog Computers . Englewood Cli ffs , 
Prentice -HalI , Inc . ,  1959 . New Jersey: 
5. Ashley , R. J .  Introd uction to Analog Computation . New York : 
6 .  
7 . 
John Wiley and Sons , Inc . , 1963 .  
Zdenek Nenodal and Bohum.i l Mirte s .  
Trans . Grew, R .  J .  M. , London : 
Analog and Hybrid Comguters . 
ILIFFE Books Ltd .  , 1 9  B. 
Fitchen , F. C .  Electronic Integrated Circuits and Systems . 
New York : Van Nostrand Reinhold Company , 1970 . 
8 .  RCA Linear Integrated Circuits . Harri son , New Jersey : Radio 
Corporat i on of America , f 967. 
9. Motc henbacher , C .  J . Low Noi se Amplifier Handbooi . Hopkins , 
Minne s ota : Honeywell Re searc h Center. 
10 .  Flugge -Lot z ,  Irmgard . Di sc ontinuous and Optimal Control . New 
York : McGraw-Hill Book Company , 1968. 
1 1 .  
12 . 
1 3 .  
Gibson , J .  E .  Nonlinear Automatic Control . New York : Mc Graw­
Hill Book Company , Inc • , 1963 . 
Van Valkenburg, M. E .  Network Analysi s .  . Second edition . 
Englewood Cliffs , New Je rsey : Prentice -Hall , Inc . , 1 964 . 
"AN-489" and "AN-490 , "  The Mic roelectronic Data Book. Second 
editi on . Phoenix , Ari zona : Motorola Inc . , 1969 .  
14. Operational Manual for t he Heath Educ ational Analog C ompute r  
Model EC -1 . Benton Harbor ,  Michigan : Heath Company , 1 959 . 
15 .  EASE Analog Computer Instruction Manual . 
Beckman In strument s , Inc . , 1956. 
Richmond , California :  
/ 
/ 
• 
1 6 . EAI 380 Analog/Hybrid Computing Systems Maintenance Series .  
West Long Branch ,  New Jersey : Electronic Assoc iates Inc . , 
1 969 .  
1 7 .  Schick ,  L.  L .  "Linear Circuit Applicati on o f  Operational 
Amplifiers , "  IEEE Spectrum, Vol . 8 ,  No . 4 ,  April , 1 971 . 
18 . Hickey,  J .  "Powering your IC • s , "  Electronic Engineer , Vol . 30 , 
No . 4 , April , 1971 . 
19 .  A New High Performance Monolithic Operational Amplifier , J..LA741 . 
Mountain View, California :  Fairchild Semic onductor , 1971 . 
80 
81 
·-
APPENDIX A 
TECHNICAL DATA FOR fl-A 741 ,  
· OPERATIONAL AMPLIFIER 
• NO FREQUENCY COMPr�SilTION kf.(ttrr;cp 
• SHORl-CIRCIJIT PlilHLCHON 
• OFFS£[ VOllAG� M'.lll (,J\!'�i>rurv  
• LARGE COMMON-ll.101>E /\NO 011 1 ERH�W, 1"1'. ·�.u ·rr.NG> ·; 
• LOW POWrR l'ONSUMl'JINl 
. 
• NO LATCH UI' 
GENERAL DfSCRll'TION 
1 smsle s1ilcon cl"'' ,, th� 1 
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FAI RCH I LD LI N EAR . I NTEGRATED CI RCUITS µA741 
£LICTRICAL CHARACTERISTICS (V5 = ± 15 V, TA = 25°C unless otherwise speci fied) 
PARAMETERS (see definitions) CONDITIONS MIN. 
Input Offset Voltage Rs :S 1 0  11.n 
Input Offset Current 
f, put Bias Current 
lnp1Jt Resistance 0.3 
Input Ca pac itance 
Offset Voltage Adjustment Range 
Large-Signal Voltage Gain RL � 2 kf!, voot = ± lO V  50,000 
O:itput Resistance 
Output Short·Circuit Current 
Supply Current 
Power Consumption 
Transient Response (unity gain) V;n = 20 rnV, RL = 2 kn. CL � 100 pF 
Rise time 
Overshoot 
Siew Rate RL � 2 kf! 
The following specifications apply for - 55°C s T,., :S + 1 25°C: 
Input Offset Voltage Rs s 10 tm 
Input Offset Current TA = + 1 2s•c 
TA = - ss•c 
Input Bias Current TA = + 125°c 
TA = - ss•c 
Input Voltage Range :t: l2 
Common Mode Rejection Ratio Rs s 1 0  IC.!! 70 
Supply Voltage Rejection Rcitio Rs s 10 kn 
Large-Signal Voltage Gain RL � 2 kf!, v""1 = ± lO V  25,000 
Output Voltage Swing RL � 10 kf! ± 12 
�L � 2 kf! ± 10 
Supply Current TA = + 1 z5·c 
T,., = - 55"C 
Power Consumption TA = + 1 25•c 
TA = - 5s0c 
1 llPEN LOOP VOLTAG E GAIN 
AS A FUNCTION OF 
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TYP. MAX. 
1.0 5.0 
20 200 
80 500 
2.0 
1.4 
± 15 
200,000 
75 
25 
1 .7 2.8 
50 85 
0.3 
5.0 
0.5 
1.0 6.0 
7.0 200 
85 500 
0.03 0. 5 
0.3 1.5 
± 13 
90 
30 150 
± 14 
± 13 
1.5 2.5 
2.0 3.3 
45 75 
60 100 
J INPUT COMMON MODE 
VOLTAGE RANGE AS A 
FUNCTION OF SUPPLY VOLTAGE 
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rnV 
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pf 
mV 
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mA 
mW 
mW 
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APPENDIX B 
TECHNICAL DATA FOR AD530 , 
ANALOG MULTIPLIER 
GEN E R A L  D E SC R I PTION 
ihe Analog Dfv1ces AD530J and A05JOK perlorrn the functions of multip lying, divid· 
ing, squa• mg, dnJ <.;qua1e rootin� b,r comb 1 11 109 d difforential input transconductance 
mult1ply i n1 ell'mE:'nt, nn opt>rationcJI amplifier, and a unH reguJnted current sourc on a 
sinole cn1:' ot s;lwon fhe devices .m� t>ssentia1ly �If  cr)ntainod, requiring only four 
tr 1m m mg p1:it.,nt1orn>!t11<s and one res1rtor Mu lt1pl y1<1g can be performed in four quad­
rant!'>'1ri<l t! w ld mq .ind �uare roo11ng 1n w.c quadrant!>. T"e A D530J and AD530K feature 
high 11ccurac:v,  .;xcel lent temper ature · tabtlity ..il'l<I linear i ty .  wide bandwidth, and high 
output s.w1ng, and art: a•1c.1 'able 1n the hermetically sealed T0· 100 pack.age for operation 
over the 0 C to • i1)'·c; wmper1111, 1 e  range. 
ABSOLUTE M A X IMUM R ATI NGS 
Supply Voll;Jgp [Vsl 
Powe� 01ss.p.�t .on 
X YZ Voit¥jes 
Storage T ,m1">er ..iture Range 
QpP,r<l t i ng Temperature Ra111;e 
± 1 8V 
500mW 
:tVs 
65°C to + 1 50°C 
0°C to +70°C 
E L E C T R I C A L  CHARAC TE R I STICS IV� "' U5V, R L .? 2KH, TA '"' 25QC) 
Paramettt r 
Multiplier Characterimcs 
Out pvt F ..inctwn 
fotal Accuracy 
(extemil l l •; tr 1m111ed) 
Scale Factor 
Diwider Charactariitu:.s 
Outpu t F vnctoor-. 
Total Accurn•:v 
(ex tern.sllv trnf?me(l / 
x 
x -
Scale F actor 
Genera! Characteristtcs 
Linea r i t y  
X f np� ( X  20V 11 p 
Y "  ' 1 0Vr lc )  
Y I nput  ( Y  20V p p  
X � � 1 0Vdc) 
Feed through 
(externally trimmed) 
X � 0, Y : 20V o-p, 
f � 50Hz 
Y � 0, X � 20V p p 
f - 50Hz 
Output Offset 
(ad1ustable w zero) 
MIN 
AD530J 
TYP 
X Y: 1 0  
O.B 
Adju5ldble 
l fll // 
o.i 
l 0 
/1-d111>table 
•o a 
• 0 . 3  
30 
30 
0 
MAX MI N 
2 
200 
1 50 
AD530K 
TYP 
X Y / 1 0  
0.5 
Adjustable 
lOZ/X 
0.3  
l .5 
Adjustable 
•0.5 
t0.2 
30 
30 
0 
MAX 
Uniu 
% 
% 
% 
% 
100 mV p-p 
100 mV p-p 
mV 
( 1 2·70) 
T h  rs information is of a preliminary nature and is subject to change without notice. 
P R E L I M I N A R Y  
C H A R A CT E R I ZATION 
D ATA 
AD530J 
AD530K 
SE L F -CONTA I N E D  
I NTEGRATED C I R CU I T  
MULTIPLIER 
DIVI D E R  
SQUAR E ROOTE R  
SQUAR E R  
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AD530 T R I MM I N G  PROCE DU R ES 
A. The suggested procedure for trimming the AD530 for mu ltiplier use is as follows: 
1 .  With X ;0 = Y;0 = 0 volts, adjust Z0 for zero output .  
2 .  W i t h  Y;0 = 20 volts  p-p ( a t  f = 50Hz) a n d  X;n = 0 volts, ad just X0 for 
m inimum feedthroug h .  
3. With X ;n = 20 volts p - p  ( a t  f = 50Hz )  and Y ; n  = 0 volts, adjust Y 0 for 
m i n imum feedthrough . 
4. R eadjust Z0 • if necessar y .  
5 .  W i t h  X i n  = 1 0  volts de a n d  Y ; 0  = 2 0  volts p - p  ( a t  f = 501-f z ) ,  adjust G a i n  for 
Output = Y ; 0 . 
NOTE 1 :  For best accuracy over l i m ited voltage ranges (e.g. ± SV ) ,  ga in and feed­
through adjustments shou ld be optim ized w i t h  the i11puts i n  the desi red 
range. When so optim ized ,  the error may be greater over the specified 
(± T OV) range .  However, l inearity is considerably hetter over sma l ler 
ranges of input.  
B. The suggested procedure for tr imming the AD530 for use- as a ciivider is as  follows: 
1 .  Set all pots at m id -sca le . 
· 
2. With Z;n = 0, trim Z0 to ho ld the ou tput constant, as X ;0 is varied from 
- 1 0V through - 1  V .  
3 .  With Z;0 = 0 ,  tr i m Y 0 for zero, X i n  = - 1 0V .  
4.  With 2 ; 0  = X ; 0  and/or Z ; n  = - X ;0 , t r i m  X0 for t h e  m i nirrum worst-case vari ­
a t i o n  as X in is varied f r o m  - 1  OV to - 1 V .  
5. Repeat steps 2 a nd 3 i f  step 4 rf'quired a large in it ia l  adjustment . 
6. With Z;n = X in and/or Z ;0 = - X in , trim the scale factor for the closest average 
approach to ± 1 0V output as X ;., is  varied from - 1 0V to - J .OV . 
APP L I CATIONS OF TH E AD530 
MU LTIPLI E R  D I VI D E R  
TO 1 00 P I N  CON F I G U RATIC"'N 
v-
Top View . 
-------0 
V = " 1 5V 
(OV T0 - 10V) 
Xin Xin 6 4 
AD530 
yin Z;,, 3 
GAIN 5 
5 
5k] 
7500!"2 V = - 1 5V -= 
'=" 
SQU A R E  ROOTE R  V = + 1 5V SQUA R E R  
7 
OUTPUT = 
6 X; OUTPUT = 4 x; 
AD530 10-Z;n 3 
(OV T0 +1 0V) 8 
V = - 1 5V ':'" 
V = - 1 5V 
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E LE CTR ICAL CHAR ACTE R I STICS (Continued ) 
Parameter A0530J AD530K Units 
M I N  TYP MAX M I N  TY P  MAX 
Dynamic Response 
Smal l  Signal 1 .0 1 .0 M H z  
(- 3d8 point) 
Full Power 750 750 K Hz 
Slew Rate 45 45 V/µsec 
1% Amplitude Error 75 75 K H z  
1 %  Vector Error 5 5 KHz 
(0.5° phase sh ift) 
Sett l ing Time (to 2% of µsec 
final va lue) (± 1 0V pu lse) 
Overload Recovery (to µsec 
2% of final value) 
Output No ise 
5Hz to l OKHz 0.6 0.6 mV rms 
5Hz to 5M Hz 3 3 mV rms 
Input Resistance 
X I nput 1 0  1 0  Mn 
Y I nput 6 6 Mn 
Z Input 36 36 Kn 
I nput Bias Current 
X Input, Y I nput 2 2 µA 
Z I nput 25 25 µA 
Power S1J pply Variation 
Mu ltipl ier Accuracy 0.2 0.2 %/% 
Output Offset 70 70 MVN 
Scale Factor 0.1 0. 1 %/% 
Quiescent Cu rrent 3.5 6.0 3.5 6.0 mA 
E LE CT R I CA L  C H A R ACTE R I ST I CS (Vs = ± 1 5V, R L ;;;ii: 2Kn, TA = 0°C to +70° C )  
Mu ltiplier Characteristics 
Total Accuracy 3 2 % 
(externa l ly  trim med ) 
Genera I Characteristics 
Average Temperature Coefficient 
of Accuracy 0.06 0.06 %/°C 
of Output Offset ±0.2 ±0.2 - mV/°C 
of Scale Factor 0.04 0.04 %/°C 
I nput B ias Current 
X I nput,  Y I nput 0.6 5 0.6 5 µA 
Z I nput 1 .0 25 1 .0 25 µA 
Input Voltage 
K ,  Y, Z for rated accuracy ± 1 0  ± 1 0  v 
Output Voltage Swing 
Rt ;;;;i.: 2Kn, ± 1 0  ± 1 0  v 
CL � 1 000pF 
